In this paper, we present our work on three silicon waveguide structures that are suitable for three different wavelength regions: near-, mid-and far-infrared. Design rules for standard rib SOI waveguides are given. Both single mode and polarization independence in these waveguides are discussed. A hollow-core waveguide suitable for gas-sensing applications in the mid-infrared wavelength region is also analysed. Finally, fabrication and experimental results for free standing waveguides, which may find application in the mid-and perhaps far-infrared wavelength regions, are presented.
Introduction
The essential building block of every photonic circuit is the optical waveguide. The first silicon waveguides were reported in the 1980s, in silicon on doped silicon [1, 2] , silicon on sapphire [3] , silicon germanium [4] , and silicon on insulator (SOI) [5, 6] . The SOI platform, first reported in 1989, has by far become the most popular among the four waveguide systems. As SOI is extensively used in the microelectronics industry, it is also one of the most promising materials for optical/electrical integration. The research in waveguiding in silicon started with planar waveguides [7] and continued with large rib waveguides [8] . Recently, there has been a trend to reduce waveguide dimensions and consequently both small rib [9] and strip waveguides (e.g. [10] [11] [12] [13] ) have been investigated. In this paper, guidelines for single mode and birefringence free conditions for relatively small rib waveguides are discussed. The influence of the oxide stress on a 1.35 µm high rib waveguide is analysed.
Conventional optical waveguides, based on total internal reflection, have a solid core, made of material with a higher refractive index than that of the surrounding cladding. Although widely used and still preferred in integrated optics, these waveguides suffer from all the shortcomings related to the propagation of light through a solid medium, such as dispersion and temperature dependence of the refractive index.
In order to avoid these problems, hollow-core waveguides have been proposed [14] [15] [16] [17] . Hollow-core waveguides, as the name suggests, have an air-filled core surrounded by a solid cladding comprised of a multilayer coating, designed to confine the propagating optical signal within the core. As the light propagates through the air, there is virtually no dispersion nor problems with temperature dependence of the refractive index. Hollow-core waveguides can also be very useful for sensing applications as their core can be filled with gases or liquids. Other potential applications of these waveguides include tight-turning radii and high-power transmission.
Research and design of silicon-based photonicintegrated circuits (PICs) has been primarily focused on devices optimized for 1.55 µm wavelength, utilized in telecommunications. However, for other applications, such as sensing, imaging or medical applications, wavelengths in the mid-wave-(MWIR) or long-wave-infrared (LWIR) spectrum are of interest [18, 19] . The 3-5 µm wavelength range is particularly interesting because a number of gases have absorption bands in that region. In addition, there is an atmospheric transmission window between 3 and 5 µm which enables free space optical communications and thermal imaging applications in both civil and military situations as well as the development of infrared countermeasures. As silicon is low loss from 1.2 to 8 µm and from 24 to 200 µm [18] , a silicon waveguide with air cladding would be also potentially low loss in these two wavelength windows. In this paper we present such a silicon waveguide structure, the free-standing waveguide, which has been fabricated by proton beam writing and subsequent electrochemical etching.
Three silicon waveguide structures with three different geometries, fabricated by three different techniques and aimed to be used in three different wavelength ranges are presented in this paper, showing the versatility and potential applicability of the silicon waveguide technology.
Rib waveguides
Unlike silica waveguides which can be relatively easily designed to be single mode, SOI waveguides with dimensions larger than a few hundred nanometres in cross-section will support multiple modes. Such multimode waveguides are usually undesirable in photonic circuits as their operation can be seriously compromised by the presence of multiple modes.
It has been shown, however, that large rib waveguides in SOI could be designed to be monomodal [20] . These waveguides have been studied extensively by a number of researchers (e.g. [21] [22] [23] [24] ) to find single-mode behaviour and low-loss propagation. Large rib waveguides are interesting because they are multi-micron in cross-sectional dimensions (of the order of 5 µm) facilitating low-loss coupling to and from optical fibres. Soref et al [20] first proposed a simple expression for the single-mode condition (SMC) of such waveguides
where r is the ratio of the slab height to overall rib height, and W/H is the ratio of the waveguide width to overall rib height. Their analysis of the waveguides was limited to shallow etched ribs (r > 0.5) and the waveguide dimensions were assumed to be larger than the operating wavelength. The analysis was based on the assumption that high order vertical modes (i.e. modes other than the fundamental mode) confined under the rib, were coupled to the outer slab region during propagation, therefore yielding high propagation losses for the higher order modes. Thus the waveguides behave as singlemode waveguides, as all other modes are lost. Chan et al [9] produced single-mode and polarizationindependence equations for relatively small rib waveguides
Equation (2) defines the quasi-TM single-mode boundary, and hence provides guidance on the geometric limitations to retain single-mode behaviour, whilst equation (3) defines the minimum etch depth D min required to obtain polarization independence.
The guidelines of equations (2) and (3) are for waveguides with an air top cladding. However, an upper cladding layer is often deposited to reduce the influence of surface contamination, to passivate the surface, or to provide electrical isolation. For SOI, this layer is usually SiO 2 (figure 1), although nitride and polymer layers are also used in some cases. Therefore, the single-mode and birefringence free conditions also need to be determined for waveguides with such claddings, not only because oxide cladding has different refractive index than air but also because it causes stress in the waveguide structure, therefore changing the effective refractive indices for TE and TM polarizations. The structure we analyse in this section is a rib waveguide with the height of H = 1.35 µm, a variable waveguide width W and etch depth D, which has the following refractive indices: n core = 3.4764, n top cladding = n buried oxide = 1.444. The simulations were performed by using a 3D semi-vectorial BPM method and verified by 2D FEM modelling. The method used was to calculate the effective indices for the fundamental and the first two higher order modes, for both polarizations, over a range of waveguide dimensions. It is assumed that the oxide cladding is thick (>1 µm). Simulations confirm again that the TM mode is the most critical for multimode behaviour since the single-mode (SM) curve for the TM polarization is below the corresponding curve for the TE polarization. Fitting the data points to a second-order polynomial, the SM condition determined for the TM mode can be expressed as
This condition is actually more strict than the TM condition given in equation (2) . In many applications it is important to achieve small modal birefringence, defined here as the difference between the effective indices of the two orthogonally polarized modes, the horizontally polarized mode (quasi-TE) and the vertically polarized mode (quasi-TM), N eff = N TE eff − N TM eff . To achieve zero birefringence in rib waveguides, an optimization of waveguide dimensions is necessary [19] . As we are investigating a most common situation where there is an oxide upper cladding, the total birefringence is, however, the sum of the geometrical birefringence and stress-induced birefringence [25] . Figure 2 shows the geometry of the modelled SOI rib waveguide. The buried oxide (BOX) layer is 1 µm in thickness, while the waveguide height is H = 1.35 µm. These waveguide dimensions are chosen as we have previously reported optical filters based on such waveguides (e.g. [26, 27] ). The propagation loss of these waveguides was <1 dB cm −1 [28] , and we have recently shown that 0.7 µm high rib waveguides can have propagation loss as low as ∼0.2 dB cm −1 [29] . The upper oxide cladding thickness in these simulations is in the range 0.1-3 µm. The upper SiO 2 layer produces a stress distribution within and near the Si rib, which in turn causes a change of the refractive index in both materials due to the photoelastic effect. We assume that the thickness of the upper cladding film on the rib sidewalls is 70% of that on the top, in order to simulate the film deposition used during the fabrication (figure 1). The stress-induced birefringence can be expressed as [30] 
where σ x , σ y and σ z are principal components of the relative stress tensor, n x and n y are components of the material's refractive index, n 0 is the refractive index without stress, and C 1 and C 2 are the stress-optic constants related to the Young's modulus (E), Poisson's ratio (ν) and the photoelastic tensor elements (p 11 and p 12 ) as [30] :
The refractive index for the silicon-guiding layer used in the model is 3.476 and for the BOX and top cladding layer is 1.444, at an operating wavelength of 1550 nm. The difference between the operating and reference temperature is assumed to be −980 K. Table 1 summarizes other material parameters used in our simulations which are identical to those used in [25] , where the influence of the top oxide cover was analysed for larger rib waveguides (H = 2.2 µm). The stress distribution in the Si rib waveguide is calculated by the finite element method, which is implemented in a COMSOL program [31] . Once the stress distribution is known, the local refractive index distribution can be evaluated using (5) . The mesh used in our simulations was over 30 000 elements providing good accuracy and reasonable calculation time. For the SiO 2 upper and lower claddings, the in-plane stress component in the uniform film far enough from the rib is assumed to be σ film = −290 MPa. It should be noted that the primarily in-plane (x) stress in the oxide film compresses the Si rib, resulting in a compressive stress in the x-direction and higher tensile stress in the y-direction. This anisotropy is the main reason for the stress-induced birefringence. COMSOL is also used to solve Maxwell's equations for both quasi-TM and quasi-TE waveguide mode distributions and to determine the corresponding effective index values. Figure 3 shows the influence of the oxide cover on the birefringence. For an air cover, the total birefringence is equal to the geometrical birefringence and it is positive for the majority of examples shown in figure 3 . Waveguides with relatively small rib widths can have negative geometrical birefringence. One such example (W = 0.5 µm, D = 0.95 µm) is shown in figure 3 . It can be seen that the oxide cover reduces the total birefringence and for certain waveguide geometries and oxide thicknesses it becomes negative. Therefore, by stress engineering, zero birefringence (ZBR) can be achieved for a waveguide that otherwise has relatively large positive birefringence. It is worth noting that the position of the birefringence curve depends strongly on the combination of W and D. Hence, for some values of W and D, N = 0 cannot be achieved even for a thick oxide cover.
In order to investigate the polarization characteristics of the waveguide due to its geometry, the modal birefringence was evaluated whilst keeping the waveguide height and top oxide cover thickness constant during the simulation. The waveguide height is equal to 1.35 µm, while the thickness of the top oxide cover is considered over a wide range of thickness from 0.1 µm to 3.0 µm. The results are shown in figure 4 . It can be noted that the increase of the top oxide cover thickness shifts the zero-birefringence curves to smaller values of the etch depth. Also, the ZBR condition can be achieved for higher values of W, whilst the bottom part of the curve is 'saturated' (figure 4). For the upper part of the ZBR curve, that is for wider ribs, when increasing the oxide thickness the birefringence will become negative and therefore to make it zero again, the width of the rib needs to be increased in order to reduce the stress influence on the rib. On the other hand, for the bottom part of the ZBR curve, that is for narrower ribs, the mode resides mainly in the slab region and therefore the increase of the oxide thickness will not affect the birefringence significantly, hence the saturation in that region (figure 4).
It is interesting to see what happens with the ZBR curve when the sidewall angle is taken into account. Figure 5 shows two examples, one with vertical sidewalls (θ = 90
• ) and one with the angle of θ = 80
• (figure 2), which is a typical variation in fabricated rib waveguides (figure 1). Figure 5 shows that the ZBR curve shifts to lower values of W for angled sidewalls. When θ is decreased, for constant W (width of the top of the rib), the width of the bottom of the rib will increase. In other words, the effective width of the rib will increase and therefore for constant oxide thickness, the ZBR condition will not be fulfilled. To obtain N = 0, the effective rib width needs to be decreased, which means that the ZBR condition will be fulfilled for narrower ribs. That is the reason why the ZBR curve shifts down in figure 5 . In conclusion, in order to have both ZBR and SM conditions satisfied, W and D should be on the ZBR curve and equation (4) needs to be fulfilled. Therefore, careful design of waveguides needs to be carried out prior to fabrication, and good fabrication control is essential.
Hollow-core waveguides
Depending on the structure of the cladding, hollow-core waveguides are classified into two categories: the Braggmirror cladding waveguides (e.g. [32] ) and the ARROWs (antiresonant reflecting optical waveguides) (e.g. [16] ). The Braggmirror cladding comprises alternating layers of two types of materials, the so-called 'bilayers' ( figure 6(a) ). In this case, light is totally reflected at the multilayer, for any incident angle or polarization and the light can propagate through a low refractive index core. The multilayer cladding of the ARROW waveguides is designed to behave like a Fabry-Perot interferometric reflector. The number of bilayers in this case can vary from only 1 to N.
The first step in the design of a hollow-core waveguide (HCW) for MWIR is the choice of materials and the number of bilayers used for the Bragg-mirror cladding. To achieve the maximum reflectance at the interface of these two materials, it is desirable to have the greatest possible difference in their refractive indices at a specified wavelength. Also, in order to avoid any significant propagation loss, the absorption in both materials should obviously be as low as possible. Generally, a larger number of bilayers enables better confinement of light in the core, and provides smaller propagation losses. However, increasing the number of bilayers in the cladding increases the overall waveguide dimensions and further complicates the fabrication procedure. In order to choose an optimal number of bilayers, it is necessary to make a trade-off between tolerable propagation losses on the one hand and the fabrication complexity and waveguide dimensions on the other. Materials that may be used in combination with silicon to form a Bragg-mirror cladding, must be technologically compatible with silicon. Usually materials considered for this purpose are silicon dioxide (SiO 2 ), silicon nitride (SiN x ) and silicon-germanium alloys. Initial estimation of the HCW properties was carried out by running 2D BPM simulations. Simulations were carried out for various numbers of bilayers and for two specific wavelengths: 3.39 µm and 10.6 µm. For a better comparison, the width of a hollow core in all the simulations was equal to the wavelength (i.e. either 3.39 µm or 10.6 µm). As expected, these simulations showed that the number of SiGe/Si bilayers needed for low-loss propagation at 3.39 µm is much larger than the number of Si/SiO 2 bilayers, as the refractive index contrast in the SiGe/Si cladding is not as high as in the Si/SiO 2 . At 10.6 µm, however, the Si/SiO 2 HCW system had high loss due to high absorption coefficient of SiO 2 beyond 3.6 µm. Therefore, we focus on the analysis of Si/SiO 2 HCW at the wavelength of 3-3.39 µm, which is interesting for gas detection applications [33] .
The fabrication process for the proposed waveguide with Si/SiO 2 Bragg-mirror cladding is based on the plasmaenhanced chemical vapour deposition (PECVD) technique. After making a trench in a silicon substrate, alternating layers of SiO 2 and Si are deposited, as depicted in figure 6(b) . Thus, a hollow waveguide core, with the sidewalls and the bottom cladding is made. A second wafer with a deposited upper cladding is then bonded to the first, eventually forming a hollow waveguide with the cross-section shown in figure 6(a) .
We have used a 3D beam propagation method to calculate propagation losses in the Si/SiO 2 -based HCWs for several different values of the core dimensions. Our aim was to further investigate the impact of the core dimensions on the propagation loss in the proposed waveguide structure. Specifically, we have performed 3D simulations for Si/SiO 2 based HCWs with square-shaped hollow core and five bilayers (figure 6). The propagation loss was calculated for the These results indicate that the core dimensions have a significant impact on the propagation loss. Generally, as the core dimensions increase, the propagation loss decreases, which is consistent with the results reported for the ARROW waveguides [32] . Additional simulations were performed at the wavelength of λ = 3.39 µm (table 3) . For better comparison, core dimensions (width and height) were expressed as multiples of the wavelength.
These results show that waveguides with only four or five bilayers in the cladding, yet relatively large core dimensions of no less than three wavelengths in both width and height, could exhibit propagation losses of less than 1 dB cm −1 . Also, it is obvious that the core dimensions have even greater impact on propagation losses than overall number of bilayers in the cladding.
These analyses were carried out for the ideal geometrical properties of the proposed square-shaped, hollow-core waveguides with a Si/SiO 2 Bragg-mirror cladding. Having in mind the fabrication procedure for such devices (as depicted in figure 6 (b)), this specific geometrical shape of the waveguide is difficult to produce. It is reasonable to expect that there would be an air-filled gap at the interface between the two wafers. This gap would result in the waveguide having the cross-section shown in figure 7 . To investigate the impact of an air gap on the waveguide performance we have performed a set of simulations for the waveguide comprising five bilayers in the cladding and having the core dimensions of 3λ (where λ was once again 3.39 µm. We have calculated the propagation losses for three values of the air-gap thickness and these results are presented in table 4. As expected, these results show that as the air gap widens, the propagation loss increases. However, even for a 1.5 µm thick gap, the propagation loss is still lower than 1 dB cm −1 . These results, however, need to be confirmed using a more accurate simulation method such as 3D FDTD.
Free standing waveguides
Silicon waveguide with an air cladding will be a viable structure for terahertz applications, as silicon is low loss in the 24-100 µm wavelength range. We have fabricated such waveguides using proton beam writing (PBW). PBW is a new direct-writing process that uses a focused beam of MeV or sub-MeV protons to pattern nano/microstructures in a wide range of materials. The fabrication process of PBW is similar to e-beam writing, nevertheless it offers some interesting and unique advantages. Due to the large mass mismatch between protons and electrons (m p /m e = 1800), protons penetrate deeper into the semiconductor while maintaining a straight path. Unlike the high-energy secondary electrons generated during e-beam writing, the secondary electrons induced by the primary protons have low energies, and therefore result in a limited range, which minimizes the proximity effects. This opens the way to allow the PBW to be a direct-writing lithography technique for fabrication of high aspect ratio structures. Another unique characteristic of proton beams is that their penetration depth is well defined and can be controlled by changing the proton energy. Finally, the irradiated dose is tunable in a pre-defined pattern, by pausing the proton beam for different times at selected locations. In this way, any pattern of localized damage can be built up. This feature is used to produce three-dimensional multilevel structures in bulk p-type silicon [34] . Typically, a well-focused proton beam of 200 nm resolution is used to irradiate the silicon sample ( figure 8(a) ). The scanning pattern is controlled by a computer program. For feature areas which are less than 500 × 500 µm 2 , the magnetic scan is used directly. When the structure is bigger than 500 µm, the movement of the sample is provided by a piezo-stage over lengths of up to 2.5 cm. As protons propagate through silicon, they undergo a series of collisions with electrons. Protons are deflected away from an ideal straight path, resulting in a beam cross-section increasing in size with depth. The energy deposited due to nuclear collisions per unit length is fairly constant during the first half of the penetration depth but increases sharply at the end of the range, because the speed of protons is much lower than their initial value, thereby increasing the probability of nuclear collisions with target atoms. By tuning the scanning time, different fluences are delivered. The irradiated sample is then anodized in a dilute solution of hydrofluoric acid, by passing an electrical hole current through it with an applied bias, resulting in porous silicon formation at the surface ( figure 8(b) ). The damaged regions inhibit this process; the result is a significant reduction in the rate of producing porous silicon in the proton-irradiated regions as compared to the unirradiated region. The final structure produced after etching is a three-dimensional representation of the scanned area. This area determines the dimensions of the final structure. The etching time and current control the height of the structure ( figure 8(c) ). If two proton energies are selected, a lower proton-energyscanned bridge can be fabricated with higher proton-energyirradiated pillars. One example is shown in figure 9 (a) where 2 MeV implantation is used for the pillar formation. After prolonged etching beyond the end of the range ( figure 9(b) ), since the lower energy has a shorter range, the isotropic etching process starts to undercut at a shallower etch depth while the pillars with higher energy irradiation continue to increase in height ( figure 9(c) ). In this way, freestanding microstructures can be fabricated in a single etch step. This would have required multiple processing steps if a conventional lithography technique was used. Figure 10 shows a sideview of a 0.5 MeV bridge and a 2 MeV pillar demonstrating the undercutting of the waveguide.
Recently, we have demonstrated freestanding waveguides in Si. An SEM image of the first freestanding test chip is shown in figure 11(a) [35] . The waveguide was irradiated by 1 MeV protons and it had a 'tear-drop' cross-sectional shape with a height of 17 µm and width of 3.7 µm at the top and 8 µm at the bottom, because of the beam spreading at the end of the range.
The subsequent batch of freestanding waveguide structures with improved cross-section has been fabricated by employing 0.5 MeV proton energy. The proton fluence delivered to the sample was 5 × 10 14 protons cm . Once the silicon becomes porous, it can be removed by a dilute potassium hydroxide solution, producing a waveguide with an approximately square profile in the crosssection. A scanning electron microscope (SEM) image of the waveguide cross-section is shown in figure 11(b) . The waveguide has a height of 5.5 µm and width of 5 µm at the top and 6 µm at the bottom. Relatively high propagation loss of ∼10 dB cm −1 is mainly due to proton irradiation damage, sidewall roughness induced during the electrochemical etching process and intersection loss between the waveguide and the pillars. Annealing the sample in a high temperature and wet oxygen environment, oxidizes the porous silicon film and forms silicon dioxide. The oxidation process anneals lattice damage and smoothes the sidewall at the same time [36] . The oxide can be left as a cladding or subsequently removed in buffered HF [37] . In this way, the propagation loss of a freestanding waveguide can be reduced. By annealing the waveguides at the temperature of ∼500
• C we expect that more than 90% of the defects caused by the proton irradiation of silicon will be annealed out [38] and that the propagation loss could be in the 4-6 dB cm −1 range, similar to the work presented in [39] . Further decrease of the propagation loss can be expected by smoothing the sidewalls by using different etching conditions and scanning parameters, as well as postfabrication treatment such as oxidation. This and the reduction of intersection loss between the waveguide and pillars will be the main focus of our future work in this area.
Conclusions
In this paper, we have presented waveguides for three different wavelength ranges. The design rules for rib SOI waveguides at the wavelength of 1.55 µm have been given. Both influences of the oxide thickness and sidewall angles have been taken into account. It has been shown that by stress engineering, zero birefringence can be achieved for a waveguide that has otherwise relatively large birefringence. As single-mode and zero-birefringence propagation significantly depend on the waveguide's dimensions and geometry, and the top oxide cover, a careful design prior to the fabrication needs to be carried out.
The 3-5 µm wavelength range is interesting for several reasons, one being the sensing of different gases as a number of gases have absorption peaks in this range. A hollow-core waveguide with an Si/SiO 2 Bragg-mirror cladding, optimized for this spectral range has been proposed and simulated. Superior characteristics of the Si/SiO 2 -based cladding have been demonstrated in comparison with the claddings based on Si/SiGe. The significance of the exact waveguide geometry modelling and its hollow-core size has been stressed. The core size has proven to be an essential parameter and it is suggested that both its horizontal and vertical dimensions should be at least three times the wavelength for which the waveguide is designed. In addition, it has been demonstrated that for a sufficiently large core dimension, the waveguides comprising only four bilayers in the cladding could achieve propagation losses less than 1 dB cm −1
. Also, the impact of an air gap between the waveguide sections has been analysed. It has been shown that the propagation losses increase as the gap widens, yet these losses could still be less than 1 dB cm −1 if the gap is less than 1.5 µm in thickness.
In our future work, we plan to carry out simulations that would include a more realistic waveguide core geometry with the slanted side walls (which is unavoidable in real devices due to the nature of the fabrication process), i.e. with a trapezoidal-shaped core cross-section. Also, the impact of surface roughness and layer thickness variations needs to be included in theses analyses to provide more complete theoretical predictions. Single-mode conditions will also be analysed.
Finally, for the far-infrared wavelength region, where silicon still has low propagation loss, a free-standing waveguide has been proposed. We have improved the waveguides cross-section compared to the first batch of devices by reducing the implant energy to 0.5 MeV. Annealing and the reduction of intersection loss between the waveguide and pillars by fabrication of narrower pillars will be the main focus of our future work in order to reduce the propagation loss of these waveguides.
It can be seen that the silicon waveguide technology could be used for a very wide range of wavelengths by applying different waveguide geometries and fabrication techniques. The core dimensions scale up with the wavelength and the propagation losses are still relatively large for less mature fabrication techniques.
